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Thermodynamic  irreversibility  and  performance  characteristics  of  a  thermoelectric  power  generator  are 
investigated.  The  influence  of  the  external  load  parameter,  the  thermal  conductivity  ratio,  the  figure  of 
Merit,  and  the  conductance  ratio  on  the  efficiency,  the  output  power,  and  the  entropy  generation  rate  is 
predicted  for  various  device  operating  parameters.  It  is  found  that  the  device  efficiency  increases  to  reach  its 
maximum  at  the  critical  value  of  the  output  power  and  operating  the  device  beyond  the  critical  output 
power  lowers  the  thermal  efficiency  and  enhances  the  entropy  generation  rate  significantly  in  the  device. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Thermoelectric  generators  are  one  of  the  potential  candidates 
for  renewable  energy  conversion.  Although  their  efficiency  is  low, 
their  environment  friendly  nature,  simple  design,  and  operation  are 
the  driving  forces  for  the  current  research  interest  of  these  devices. 
The  recent  developments  in  thermoelectric  materials  improve 
notably  the  figure  of  Merit  and  the  device  efficiency.  However,  the 
performance  of  the  thermoelectric  generators  can  be  further 
improved  through  minimization  of  thermodynamic  losses  during 
the  operation.  One  of  the  methods  to  maximize  the  thermal  effi¬ 
ciency  of  the  thermoelectric  device  is  to  minimize  the  entropy 
generation  rate  in  the  thermoelectric  system.  Therefore,  investi¬ 
gation  into  entropy  generation  rate  and  the  performance  of  the 
thermoelectric  generators  becomes  essential. 

Considerable  research  studies  were  carried  out  to  examine 
thermal  characteristics  of  thermoelectric  systems.  Optimization 
study  for  low-temperature  waste  heat  thermoelectric  generator 
system  was  carried  out  by  Gou  et  al.  [1],  They  demonstrated  that 
expanding  heat  sink  area  in  a  proper  range  and  enhancing  cold-side 
heat  transfer  capacity,  thermoelectric  device  performance  improved 
notably.  Performance  of  two-stage  thermoelectric  refrigerator  sys¬ 
tem  was  studied  by  Meng  et  al.  [2],  They  presented  analytical  ex¬ 
pressions  for  the  electrical  current  in  terms  of  the  cooling  load 
versus  the  electrical  current  and  the  coefficient  of  performance 
versus  the  electrical  current  of  the  combined  devices.  The 
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thermoelectric  generator  and  multi-scale  irreversibility  were 
investigated  by  Meng  et  al.  [3  ].  They  presented  the  effects  of  external 
irreversibility  on  the  performance  of  the  thermoelectric  generator. 
The  constructal  design  of  a  thermoelectric  device  was  examined  by 
Pramanick  and  Das  [4],  They  demonstrated  that  the  maximum 
permissible  length  was  dependent  on  applied  temperature  gradient 
whereas  the  minimum  allowable  length  was  independent  of  the 
temperature  gradient.  Topping  cycle  and  thermoelectric  power 
generation  were  studied  by  Sahin  et  al.  [5].  They  showed  that  for  a 
certain  combination  of  operating  and  thermoelectric  device  pa¬ 
rameters,  thermal  efficiency  of  the  topping  cycle  became  slightly 
higher  than  that  of  the  same  system  without  the  presence  of  the 
thermoelectric  generators.  Thermoelectric  device  for  optimum 
external  load  parameter  and  slenderness  ratio  for  the  maximum 
efficiency  was  investigated  by  Yilbas  and  Sahin  [6],  They  indicated 
that  for  a  fixed  thermal  conductivity  ratio,  the  external  load 
parameter  increased  with  increasing  slenderness  ratio  while  the 
electrical  conductivity  ratio  of  the  p  and  n  pins  reduced  in  the  device. 
Optimization  of  thermoelectric  generating  process  was  carried  out 
by  Garcia  and  Zorraquino  [7],  They  presented  the  future  of  the 
cogeneration  system  incorporating  the  thermoelectric  devices.  The 
integrated  assessment  of  energy  conversion  processes  through 
thermodynamic,  economic,  and  environmental  parameters  was 
carried  out  by  Tonon  at  al.  [8].  They  presented  detailed  analysis  to 
evaluate  economic  and  exergetic  behavior  of  the  energy  conversion 
processes  including  the  thermoelectric  devices.  The  analytical 
model  for  parallel  thermoelectric  generator  was  proposed  by  Liang 
et  al.  [9],  They  showed  that  the  thermal  contact  resistance  reduced 
the  output  power  by  reducing  the  temperature  difference  between 
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the  two  sides  of  the  thermoelectric  elements.  Solar  thermoelectric 
generator  for  micro-power  applications  was  investigated  by  Amatya 
et  al.  [10],  They  introduced  two  stage  thermoelectric  devices  for  the 
solar  energy  conversion.  The  heat  transfer  area  optimization  for  a 
thermoelectric  generator  was  examined  by  Chen  et  al.  [11],  They 
optimized  the  ratio  of  heat  transfer  surface  area  of  the  high  tem¬ 
perature  site  to  the  total  heat  transfer  surface  area  to  maximize  the 
power  output  and  the  thermal  efficiency  of  the  thermoelectric 
generator.  Thermodynamic  analysis  of  a  thermoelectric  device  was 
carried  out  by  Kassas  [12],  His  results  revealed  that  the  second  law 
efficiency  improved  with  increasing  emitter  to  collector  tempera¬ 
ture  ratio  and  reduced  with  increasing  collector  temperature. 
Various  aspects  of  thermoelectric  devices  and  their  applications 
were  studied  in  Refs.  [3,13-24],  It  is  observed  from  the  literature 
search  that  there  is  a  considerable  increase  in  the  research  work 
during  the  recent  years  on  the  thermoelectric  power  generation. 
However,  it  is  also  observed  that  only  a  few  of  those  papers  discuss 
entropy  generation  in  thermoelectric  device  briefly.  Therefore,  there 
is  a  need  for  further  investigation  on  the  entropy  generation  and 
associated  irreversibility  in  the  thermoelectric  generators. 

In  the  present  study,  thermodynamic  analysis  including  the 
maximum  efficiency,  the  maximum  output  power,  and  the  rate  of 
entropy  generation  is  carried  out  for  a  thermoelectric  power 
generator.  The  device  characteristics  are  examined  for  various  de¬ 
vice  operating  parameters  including  the  external  load  parameter. 
The  behavior  of  entropy  generation  rate  for  the  maximum  device 
output  power  and  the  efficiency  is  presented. 

2.  Thermal  analysis 

A  schematic  view  of  the  thermoelectric  power  generator  is 
shown  in  Fig.  1.  Heat  transfer  occurs  from  a  high  temperature 
reservoir  at  T//  to  the  lower  plate.  This  constitutes  the  high  and  low 
temperature  junctions  of  the  two  semiconductors  of  n-type  and  p- 
type.  The  hot  junction  of  the  semiconductors  is  at  temperature  Tj. 
As  the  heat  transfer  is  conducted  from  the  hot  junction  to  the  cold 
junction  at  temperature  T2,  electric  current  is  generated.  The  elec¬ 
trical  current  that  flows  through  the  semiconductors  depends  on 
the  thermoelectric  characteristics  of  the  semiconductors  such  as 
the  Seebeck  coefficient  and  the  electrical  conductance  causes  joule 
heating  in  both  semiconductors.  The  heat  transfers  crossing  the 
upper  hot  junction  and  the  lover  cold  junction  are  given,  respec¬ 
tively,  as: 

Q„  =  a/T1+K(Ta-T2)  -i/2R  (1) 

Qi  =  aTb+Kpi-Ti)  +1/2R  (2) 

where 


a  =  ap-an,  K  = 


Apkp  Ankn 


L„ 

Ank^n' 


Considering  the  heat  conductances  between  the  high  and  cold 
temperature  reservoirs,  the  heat  transfer  rates  from  the  hot  and 
cold  junctions,  respectively,  are  given  as: 


Qh  =  Ch(Th  -  TO 

(3) 

and 

Qi  =  Q(T2  -  TO- 

(4) 

Qh 


1 - m - 1 

Rl 

Fig.  1.  Schematic  view  of  the  thermoelectric  power  generator. 


The  electrical  current  generated  as  a  result  of  the  temperature 
difference  between  the  hot  and  cold  junctions  is  proportional  to  the 
Seebeck  effect  and  inversely  proportional  with  the  total  electrical 
resistance  of  the  circuit  i.e. 


«(7j  -  t2) 
Rl  +  R 


(5) 


The  useful  power  generated  as  a  result  of  electrical  current  can 
be  written  as: 


Wout  =  Qh  -  Qi  =  «/(Ti  -  r2)  -  I2R  =  I2Rl.  (6) 

On  the  other  hand,  the  efficiency  of  the  thermoelectric  gener¬ 
ator  is  given  by: 


V 


Wont 
Qh  ' 


(7) 


In  cases  where  the  heat  transfers  occur  between  the  semi¬ 
conductors  junctions  and  the  high  and  low  temperature  reservoirs, 
the  thermal  conductances  determine  the  hot  and  cold  junction 
temperatures.  In  turn,  the  generated  electrical  current  and  the  ef¬ 
ficiency  are  related  to  the  thermal  conductances  as  well  as  the  other 
thermoelectric  parameters  mentioned  above. 

From  equations  (1)  and  (3),  the  hot  and  cold  junction  temper¬ 
atures  can  be  related  to  the  thermal  conductance  Ch  and  the  tem¬ 
perature  of  the  high  temperature  reservoir  Th,  i.e: 
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a2(h-T2)T, 
Rl  +  R 


+JC(Ti-T2) 


2  (Rl  +  R)2 


R  =  Ch(Th-T1) 


(8) 


Equation  (8)  can  be  made  dimensionless  by  defining: 
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So  that  the  dimensionless  form  becomes: 


ZTi,Kh-h)6L  ,  „„  1ZThA(0,-02)2  , 

- pTT - +»(«.-»!)  -2  (P  +  1)2  W 

Similarly,  using  equations  (2)  and  (4)  another  relationship  be¬ 
tween  the  junction  temperatures  is  obtained  as: 


Using  equations  (3)  and  (4),  the  total  entropy  generation  rate 
becomes: 

=  (16) 

The  entropy  generation  rate  can  be  made  dimensionless  in  the 
form: 

(17) 

The  following  figures  show  the  effect  of  the  foregoing  dimen¬ 
sionless  parameters  on  the  power  generation,  efficiency  and  en¬ 
tropy  generation  rate. 
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equation  (10)  becomes: 

zrHm-d2)d2  ,  „a  a ,  ,  \ZTHm-e2)2  _,a  a , 

- - +rn-h)  +2  (p  +  1)2  =°(*2-eL). 

(11) 

Equations  (9)  and  (11)  can  be  solved  simultaneously  for  the 
dimensionless  hot  and  cold  junction  temperatures,  d i  and  02, 
respectively. 

The  dimensionless  power  generation  is: 


W 

KTh 


(6%  -  h)2P 

(P+1)2 


zrH 


and  the  efficiency  is: 

"i 

(p+  1)2(1  -Pl) 


(12) 


(13) 


3.  Results  and  discussion 

Thermodynamic  analysis  including  the  maximum  power,  the 
maximum  efficiency,  and  the  entropy  generation  rate  for  the 
thermoelectric  device  is  carried  out  and  the  device  performance 
characteristics  are  analyzed  for  various  operating  conditions. 

Fig.  2  shows  the  dimensionless  device  output  power,  the  effi¬ 
ciency  and  the  dimensionless  entropy  generation  rate  with  the 
external  load  parameter  ( p ).  The  device  efficiency  and  the  output 
power  increase  with  the  external  load  parameter,  and  the  entropy 
generation  rate  reduces  with  increasing  external  load  parameter.  It 
should  be  noted  that  the  external  load  parameter  is  the  ratio  of  the 
external  resistance  to  the  device  overall  resistance.  Increasing 
external  load  parameter  enhances  both  the  thermal  efficiency  and 
the  output  power  (equations  (12)  and  (13)).  However,  further  in¬ 
crease  in  the  external  load  parameter  reduces  the  efficiency  and  the 
output  power  of  the  device.  This  indicates  that  operating  the  device 
for  larger  external  resistance  as  compared  to  the  device  overall 
resistance,  the  current  derived  from  the  device  is  not  high  enough 
to  secure  high  output  power  and  consequently  high  efficiency.  In 
addition,  large  differences  in  impedances  due  to  the  device  and 
external  resistances  have  adverse  effect  on  the  device  performance 
(i.e.  both  the  efficiency  and  the  power  output  from  the  thermo¬ 
electric  device  decrease).  Although  the  thermodynamic  irrevers¬ 
ibility  in  the  thermoelectric  device  due  to  entropy  generation 
reduces  because  of  reduced  entropy  generation  rate,  the  capacity  of 
the  device  is  not  fully  utilized  efficiently  for  high  external  load 
parameters. 


2.1.  Entropy  generation  rate  in  thermoelectric  device 


Entropy  generation  rate  in  the  thermoelectric  device  is  due  to 
both  internal  and  external  heat  transfer  mechanisms.  The  total 
entropy  generation  rate  can  be  written  as: 

c  _  A  (T»  ~ _i_  h  (Ti  ~  rA  nzn 

Sgen  Q.h(  J  +Qi(^  j2jl  J  |»  +  t2  (14) 

The  first  two  terms  on  the  right  hand  side  of  equation  (14) 
represent  the  entropy  generation  rate  due  to  the  heat  transfer  from 
the  high  temperature  reservoir  to  the  hot  junction  of  the  thermo¬ 
electric  device  and  that  from  the  cold  junction  of  the  thermoelectric 
device  to  the  low  temperature  reservoir,  respectively.  On  the  other 
hand,  the  last  two  terms  on  the  right  hand  side  of  equation  (14)  stand 
for  the  internal  entropy  generation  rate  that  take  place  in  the  ther¬ 
moelectric  device.  It  can  be  shown  that  equation  (14)  simplifies  to 


Qh  Ql 
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(15) 
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Fig.  2.  The  effect  of  the  dimensionless  external  load  on  the  dimensionless  power,  the 
efficiency  and  the  entropy  generation  rate  (1  =  0.1,  0L  =  0.5,  ZTH  =  1.5,  a  =  1.0). 
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Fig.  3.  The  effect  of  the  dimensionless  thermal  conductivity  on  the  dimensionless 
power,  the  efficiency  and  the  entropy  generation  rate  (p  =  1.0,  Or  =  0.5,  ZTH  =  1.5, 
a  =  1.0). 


Fig.  3  shows  the  device  output  power,  the  efficiency,  and  the 
entropy  generation  rate  with  the  thermal  conductivity  ratio. 
Increasing  thermal  conductivity  ratio  increases  the  heat  conduction 
from  the  high  temperature  plate  to  the  low  temperature  plate 
(across  the  device)  while  enhancing  the  entropy  generation  rate.  In 
addition,  increased  device  thermal  conductivity  lowers  the  ther¬ 
moelectric  efficiency  due  to  high  rate  of  heat  rejection  without 
contributing  to  the  power  generation.  Moreover,  the  reduction  in 
output  power  and  efficiency  is  sharp  for  thermal  conductivity  ratio 
A  <  0.5  and  the  reduction  becomes  gradual  with  increasing  thermal 
conductivity  ratio.  This  is  more  pronounced  for  device  output  po¬ 
wer;  in  which  case,  almost  50%  of  the  output  power  is  lost  when 
thermal  conductivity  ratio  becomes  0.1.  Therefore,  small  increase  in 
thermal  conductivity  ratio  has  detrimental  effect  on  the  efficiency 
and  the  output  power  for  0  <  A  <  0.5.  Entropy  generation  rate  in¬ 
creases  gradually  for  0.5  <  A  <  1.0  and  this  increase  becomes  high 
for  0  <  A  <  0.5. 

Fig.  4  shows  the  device  output  power,  the  efficiency,  and  the 
entropy  generation  rate  with  the  figure  of  Merit.  The  efficiency,  the 
output  power  and  the  entropy  generation  rate  increase  with  the 
figure  of  Merit.  The  increase  in  the  efficiency  and  the  output  power 
is  considerably  higher  than  the  entropy  generation  rate  since  the 
entropy  generation  rate  is  a  function  of  the  heat  input  and  the  heat 
rejected  from  the  device  (equation  (14)),  increasing  output  power 
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Fig.  5.  The  effect  of  the  conductance  ratio  on  the  dimensionless  power,  the  efficiency 
and  the  entropy  generation  rate  (/>  =  1.0,  X  =  0.1,  0L  =  0.5,  ZTH  =  1.5). 


requires  high  heat  input  and  low  heat  rejection  from  the  device.  In 
addition,  the  figure  of  Merit  influences  significantly  the  output 
power  and  the  efficiency  (equations  (11)  and  (12));  therefore, 
improving  output  power  inherently  enhances  the  entropy  genera¬ 
tion  rate  in  the  device.  The  amount  of  heat  leakage,  due  to  con¬ 
duction  across  the  device  increases  slightly  with  increase  of  the 
figure  of  Merit.  In  this  case,  the  entropy  generation  rate  due  to 
slight  heat  transfer  enhancement  increases  gradually  the  entropy 
generation  rate. 

Fig.  5  shows  the  device  output  power,  the  efficiency  and  the 
entropy  generation  rate  with  the  conductance  ratio.  The  efficiency 
and  the  output  power  as  well  as  the  entropy  generation  rate  in¬ 
crease  with  increasing  conductance  ratio.  It  should  be  noted  that 
the  conductance  ratio  (<r  =  CJCh )  is  associated  with  the  heat  input 
and  the  heat  rejected  across  the  device  (equations  (3)  and  (4)). 
However,  the  rise  of  the  efficiency,  the  output  power  and  the  en¬ 
tropy  generation  rate  is  sharper  for  a  <  0.3.  As  the  conductance 
ratio  increases  further,  this  rise  becomes  gradual.  The  entropy 
generation  rate  indicates  that  the  thermodynamic  irreversibility  for 
low  values  of  the  ratio  rises  sharply,  despite  the  efficiency  of  the 
device  rises  sharply.  Since  the  device  efficiency  is  on  the  order  of  4% 
for  this  low  level  of  conductance  ratio,  heat  transfer  from  the  high 
temperature  source  does  not  yield  high  rate  of  useful  energy  to 
attain  high  efficiencies.  Consequently,  operating  the  device  at  low 
conductance  ratio  is  not  beneficial  in  terms  of  efficiency.  Moreover, 
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Fig.  6.  Efficiency  versus  the  dimensionless  power  for 
ZTh  =  0-10  (p  =  1.0,  2  =  0.1,  eL  =  0.5,  a  =  1.0). 


Fig.  4.  The  effect  of  the  figure  of  Merit  on  the  dimensionless  pov 
the  entropy  generation  rate  ( p  =  1.0,  X  =  0.1,  6L  =  0.5,  a  =  1.0). 
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Fig.  7.  Dimensionless  entropy  generation  rate  versus  the  dimensionless  power  for 
varying  figure  of  Merit,  ZTH  =  0-10.  ( p  =  1.0,  7  =  0.1,  SL  =  0.5,  a  =  1.0). 


increasing  the  conductance  ratio  increases  the  output  power,  the 
efficiency,  and  gradual  increase  in  the  entropy  generation  rate. 
Therefore,  the  device  with  high  conduction  ratio  has  better  per¬ 
formance  characteristics  than  that  corresponding  to  the  low 
conductance  ratio. 

Fig.  6  shows  variation  of  the  device  efficiency  with  the  output 
power  while  Figs.  7  and  8  show  the  entropy  generation  rate  with 
the  output  power  and  the  efficiency,  respectively.  The  efficiency 
increases  to  reach  its  maximum  with  increasing  the  output  power. 
This  indicates  that  the  device  efficiency  continuously  increases  to 
its  maximum  with  increasing  output  power.  Moreover,  further  in¬ 
crease  in  the  output  power  beyond  the  maximum  efficiency,  the 
device  efficiency  reduces  sharply.  Flowever,  further  reduction  in  the 
device  efficiency  results  in  slightly  reduced  output  power.  Conse¬ 
quently,  operating  the  device  at  low  output  power  causes  reduced 
efficiency  and  operating  at  high  output  power  lowers  the  efficiency. 
Consequently,  operating  the  device  at  output  power  corresponding 
to  the  maximum  efficiency  should  be  desirable.  In  the  case  of  the 
entropy  generation  rate  with  the  output  power  (Fig.  7),  the  rate  of 
entropy  generation  increases  gradually  with  increasing  output 
power;  however,  further  increase  in  the  output  power  result  in 
sharp  rise  of  the  entropy  generation  rate.  This  indicates  that  the 
thermodynamic  irreversibility  increases  considerably  as  the  output 
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Fig.  8.  Dimensionless  entropy  generation  rate  versus  the  efficiency  for  varying  figure 
of  Merit,  ZT„  =  0-10.  (p  =  1.0,  A  =  0.1,  0L  =  0.5,  a  =  1.0). 


power  increases  beyond  the  critical  value.  The  similar  behavior  is 
also  observed  from  the  efficiency  curve.  Consequently,  operating 
device  beyond  the  maximum  efficiency  causes  significant  increase 
in  the  entropy  generation  rate  while  lowering  the  device  perfor¬ 
mance.  Although  slight  increase  in  the  output  power  beyond  its 
critical  value  reduces  the  efficiency  slightly,  the  thermodynamic 
irreversibility  increases  notably.  To  reduce  the  thermodynamic 
irreversibility  and  increase  the  efficiency,  device  should  be  oper¬ 
ated  up  to  its  critical  value  of  the  output  power. 

4.  Conclusions 

The  thermoelectric  device  characteristics  are  investigated  for 
optimal  operating  conditions  and  the  thermodynamic  irrevers¬ 
ibility  as  measured  by  the  entropy  generation  rate  is  examined  for 
different  design  and  operating  parameters.  The  influence  of  the 
external  load  parameter,  the  thermal  conductivity  ratio,  the  figure 
of  Merit,  and  the  conductance  ratio  on  the  device  output  power,  the 
efficiency,  and  the  entropy  generation  rate  are  predicted.  The 
relation  between  the  maximum  efficiency  and  the  output  power  is 
established  and  the  rate  of  entropy  generation  with  the  operating 
condition  is  investigated.  It  is  found  that  increasing  external  load 
parameter  enhances  the  efficiency,  the  output  power  while 
lowering  the  entropy  rate  generation  in  the  device.  Increasing  the 
thermal  conductivity  ratio  lowers  the  efficiency  and  the  output 
power,  and  increases  the  entropy  generation  rate.  This  behavior  is 
due  to  increased  heat  transfer  rate  across  the  device.  Improving  the 
figure  of  Merit  increases  the  efficiency,  the  output  power,  and  the 
entropy  generation  rate,  provided  that  the  entropy  generation  rate 
increases  gradually  with  increasing  figure  of  Merit.  Increasing 
conductance  ratio  increases  the  efficiency,  the  output  power  and 
the  entropy  generation  rate,  provided  that  increase  of  device 
characteristics  at  low  values  of  the  conduction  ratio  is  sharp.  The 
efficiency  of  the  device  increases  to  reach  its  maximum  value  with 
increasing  output  power  and  as  the  output  power  increases  further, 
it  reduces.  This  is  associated  with  the  sharp  increase  in  the  ther¬ 
modynamic  irreversibility  beyond  the  critical  value  of  the  work 
done.  Therefore,  the  entropy  generation  rate  increases  sharply  with 
increasing  device  output  power  beyond  its  critical  value.  Further 
increase  in  the  entropy  generation  rate  lowers  both  the  device 
output  power  and  the  efficiency.  Consequently,  operating  the  de¬ 
vice  within  the  range  of  its  critical  value  of  the  parameters  results  in 
the  highest  efficiency  and  the  reasonably  low  entropy  generation 
rate  across  the  device. 
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Nomenclature 

An  cross  sectional  area  of  n-type  semiconductor,  (m2) 

Ap  cross  sectional  are  of  p-type  semiconductor,  (m2) 

Ch  thermal  conductance  at  high  temperature  reservoir,  (W/K) 

Cl  thermal  conductance  at  low  temperature  reservoir,  (W/K) 
I  electrical  current,  (A) 

ke,n  electrical  conductivity  of  n-type  semiconductor,  (1/Qm) 

ke  p  electrical  conductivity  of  p-type  semiconductor,  (1/Qm) 

k„  thermal  conductivity  of  n-type  semiconductor,  (W/mK) 

kp  thermal  conductivity  of  p-type  semiconductor,  (W/mK) 
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K  overall  thermal  conductivity  of  the  thermoelectric 
generator,  K  =  ( ApkpILp )  +  (Ank„ILn),  (W/K) 

Ln  length  of  n-type  semiconductor,  (m) 

Lp  length  of  p-type  semiconductor,  (m) 

R  overall  electrical  resistivity  of  the  thermoelectric 

generator,  R  —  (LpIApkep)  +  (Ln/Ank<,„),  (Q) 

Rl  external  electrical  load,  (Q) 

Sgen  total  rate  of  entropy  generation,  (W/I<) 

S*  dimensionless  entropy  generation  rate, 

S*  =  Sgen/(Q.H/TH ) 

Ti  hot  side  temperature  of  the  thermoelectric  generator,  (I<) 
T2  cold  side  temperature  of  the  thermoelectric  generator,  (K) 

Th  temperature  of  hot  reservoir,  (K) 

Tl  temperature  of  cold  reservoir,  (K) 

Qx  heat  flux  at  cold  side,  (W) 

Qh  heat  flux  at  hot  side,  (W) 

Wout  power  output  from  the  thermoelectric  generator,  (W) 

Z  figure  of  Merit,  Z  =  a2/KR,  (1/K) 

a  total  Seebeck  coefficient,  a  =  ap  -  a„,  (V/K) 

ap  Seebeck  coefficient  of  the  p-type  semiconductor,  (V/K) 

an  Seebeck  coefficient  of  the  n-type  semiconductor,  (V/K) 

A  dimensionless  thermal  conductivity,  A  =  K/Ch 

t]  efficiency 

p  dimensionless  external  load,  p  =  Rl/R 

a  conductance  ratio,  a  =  CJCh 

dimensionless  hot  side  temperature 
$2  dimensionless  cold  side  temperature 

6l  dimensionless  cold  reservoir  temperature 
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